TNF␣ is pivotal to the pathogenesis of inflammatory and possibly postmenopausal osteolysis. Much recent work has clarified mechanisms by which TNF␣ promotes osteoclastogenesis, but the means by which it activates osteoclasts to resorb bone remain uncertain. We found that very low concentrations of TNF␣ promoted actin ring formation, which correlates with functional activation in osteoclasts, both in osteoclasts formed in vitro and extracted from newborn rats. TNF␣ was equipotent with RANKL for this action. Activation by TNF␣ was unaffected by blockade of RANKL by OPG, its soluble decoy receptor, suggesting that this was due to a direct action on osteoclasts. Bone resorption was similarly directly and potently stimulated, in a RANKL-independent manner in osteoclasts, whether these were formed in vitro or in vivo. Interestingly, TNF␣ promoted actin ring formation at concentrations an order of magnitude below those required for osteoclastic differentiation. Moreover, TNF␣ strongly synergized with RANKL, such that miniscule concentrations of TNF␣ were sufficient to substantially augment osteoclast activation. The extreme sensitivity of osteoclasts to activation by TNF␣ suggests that the most sensitive osteolytic response of bone to TNF␣ is through activation of existing osteoclasts; and the strong synergy with RANKL provides a mechanism whereby increased osteolysis can be achieved without disturbance to the underlying pattern of osteoclastic localization.
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B ONE REMODELING, WHEREBY osteoclasts resorb and osteoblasts reform bone, is an essential function that maintains skeletal integrity throughout life. Excessive activity by osteoclasts is responsible for the development of postmenopausal osteoporosis and for the destruction of joints and generalized bone loss that accompanies inflammatory diseases such as rheumatoid arthritis. Recently, it has become clear that the formation and activity of osteoclasts in vivo is dependent on the expression of RANKL by osteoblastic or bone marrow stromal cells (see Refs. 1 and 2 for reviews). Transgenic experiments have shown that deletion of the gene for RANKL or RANK, or overexpression of OPG, a soluble decoy receptor for RANKL, causes failure of osteoclast formation and osteopetrosis. It has been shown that the bone resorption that is caused by agents such as PTH, 1,25(OH) 2 D 3 and IL-1 is associated with and dependent upon increased expression of RANKL by osteoblastic/marrow stromal cells (see Refs. 1 and 2 for reviews).
TNF␣ is crucial to the pathogenesis of bone and joint destruction that occurs in rheumatoid arthritis and has been implicated in the bone loss of periodontitis, orthopedic implant loosening, and other forms of chronic inflammatory osteolysis (3) (4) (5) (6) (7) . Moreover, it has been reported that TNF␣ mediates bone loss in estrogen deficiency (8, 9) . Like many other resorptive agents, TNF␣ induces expression of RANKL in osteoblastic cells (10, 11) . However, recent reports have claimed that TNF␣, like RANKL, directly induces osteoclastic differentiation in bone marrow macrophages in vitro (12, 13) . This direct action may be dependent on priming of the precursors by RANKL (14) .
However, while the ability of TNF␣ to induce osteoclast formation has been established, its effects on osteoclast function have been much less studied. Ultimately, bone loss depends on the latter. For example, injection of PTH leads to an increase in the extent of ruffled borders within 15 min, with rapid onset of hypercalcemia (15) (16) (17) . Thus, the resorption rate is controlled not only through changes in osteoclast numbers but also by activation of preexisting osteoclasts. The distinct nature of the regulation of these two processes is emphasized by the ability of PGE 2 (18) and TGF␤ (19, 20) to stimulate osteoclast formation but not activity. There is evidence that TNF␣ does not directly stimulate resorption by osteoclasts (12, 21) .
We have therefore elected to test the ability of TNF␣ to directly activate osteoclasts, in an attempt to clarify its role in osteoclast regulation. For most of this work, actin ring formation, rather than bone resorption, was used as an indicator of the activated status of the cells. This is because, in the time scale needed to detect bone resorption, changes in osteoclast differentiation and apoptosis can also occur that may contribute to the result. In contrast, actin rings form rapidly when osteoclasts are activated. These distinctive rings represent the circumferential zone of polymerized actin at the lateral limit to the resorptive hemivacuole and are characteristic of osteoclasts that are actively resorbing bone (22) (23) (24) (25) (26) (27) . We found that TNF␣ directly activated osteoclasts, whether these were formed in vivo or in vitro. TNF␣ was as potent as RANKL in osteoclast activation and appeared even more potent for osteoclastactivation than for osteoclast formation. These actions were independent of but strongly synergistic with RANKL.
Materials and Methods

Media and reagents
Nonadherent, macrophage colony-stimulating factor (M-CSF)-dependent bone marrow cells were incubated with MEM with Earle's salts (EMEM) (Sigma, Poole, Dorset, UK), supplemented with 10% FCS (Autogen Bioclear, Calne, Wiltshire, UK). HEPES-buffered medium 199 (Sigma) was used for isolation and sedimentation of osteoclasts ex vivo. MEM with Hanks' salts (HMEM) was used for subsequent incubation of osteoclasts for assessment of actin ring formation and bone resorption. EMEM was used in cell spreading experiments. All media were supplemented 2 mm glutamine, 100 IU/ml benzylpenicillin, and 100 g/ml streptomycin (Sigma). Incubations were performed at 37 C in 5% CO 2 in humidified air. Recombinant human M-CSF was provided by Chiron Corp. (Emeryville, CA); soluble recombinant murine RANKL and human recombinant OPG were gifts from Amgen, Inc. (Thousand Oaks, CA). Murine TNF␣ was used throughout unless otherwise stated. Recombinant murine or human (h) TNF␣ and IL1 receptor antagonist (RA) were purchased from R&D (Abingdon, Oxon, UK); bovine PTH (1-34) was obtained from Sigma.
Slices of bovine cortical bone were prepared as previously described (28) .
Isolation and culture of bone marrow precursors
Osteoclast-like cells were induced from nonadherent, M-CSF-dependent bone marrow cells as previously described (18) . Briefly, MF1 mice (5-8 wk old) were killed by cervical dislocation. Femora and tibiae were aseptically removed and dissected free of adherent soft tissue. The bone ends were cut, and the marrow cavity was flushed out into a Petri dish by slowly injecting PBS at one end of the bone using a sterile 21-gauge needle. The bone marrow suspension was carefully agitated through a 21-gauge needle to obtain a single cell suspension. Bone marrow cells were then washed, resuspended in EMEM/FCS, and incubated at a density of 3 ϫ 10 5 cells/ml for 24 h in a 75-cm 2 flask (Helena Biosciences, Sunderland, Tyne & Wear, UK) with M-CSF (5 ng/ml) in the presence or absence of OPG (500 ng/ml) or RANKL (30 ng/ml). This incubation of bone marrow cells at low density in M-CSF for 24 h efficiently depletes the cell preparations of stroma: stromal cells were not detectable in the cell preparations and no cells were present in cultures subsequently incubated without M-CSF. After 24 h, nonadherent cells were harvested, washed, and resuspended in EMEM/FCS. A total of 2 ϫ 10 5 cells were added to the wells of 24-well plates (Helena Biosciences) containing a Thermanox coverslip (Life Technologies, Inc., Paisley, UK) or a slice of bovine cortical bone in a total volume of 1 ml EMEM/FCS containing M-CSF (50 ng/ml) with or without cytokines. Cultures were fed every 2-3 d by replacing 600 l of culture medium with an equal volume of fresh medium and cytokines. Coverslips and bone slices were assessed for TRAP positivity, bone resorption, or actin ring formation as described below. 
Isolation and culture of spleen cells
Isolation of osteoclasts ex vivo
Osteoclasts were disaggregated from the long bones of 2-to 3-d-old Wistar rats, as previously described (28) . The femora, tibiae, and humeri were removed and dissected free of adherent tissue. Bones were then cut across their epiphyses and curetted into medium 199, and the curettings were vigorously agitated with a plastic pipette. Large fragments were allowed to sediment for 10 sec. The cell suspension was then transferred either to a 100 ϫ 18-mm multiwell dish (Sterilin, Teddington, Middlesex, UK) containing bone slices or to wells of a 96-well plate containing Thermanox coverslips and incubated for 10 min. Bone slices and coverslips were then removed, washed in PBS, and placed into wells of a 96-well plate. Cells were incubated in a total volume of 200 l MEM in the presence or absence of cytokines, before assessment of actin ring formation or bone resorption, or measurement of osteoclast spread area as described below.
TRAP cytochemistry
Osteoclast-like cell formation in liquid cultures of M-CSF-dependent bone marrow cells, evaluated by quantification of TRAP-positive cells with three or more nuclei, osteoclast spread area, and cellular constitution of colonies formed in semisolid medium, were assessed using a modification of the method of Burstone (29) . After incubation, cells on microscope slides, coverslips, or bone slices were fixed in formalin for 10 min, washed, permeabilized in acetone for 10 min, washed, and stained for acid phosphatase in the presence of 0.05 m sodium tartrate (Sigma). The substrate used was napthol AS-BI phosphate (Sigma). Cells were counterstained with hematoxylin.
Assessment of bone resorption
After incubation, bone slices were immersed in 10% (vol/vol) sodium hypochlorite (British Drug Houses, Lutterworth, Leicestershire, UK) for 10 min to remove cells, washed, and dried. After drying, the bone slices were either mounted onto stubs for scanning electron microscopy or glass slides, and sputter coated with gold. The entire surface of each bone slice from experiments with osteoclasts formed in vivo was examined in a scanning electron microscope (S90; Cambridge Instruments, Cambridge, UK) (30) . Bone slices from experiments using in vitro-generated osteoclast-like cells were examined by reflected light microscopy and bone resorption quantified using an eyepiece graticule.
Assessment of actin ring formation
Osteoclast-like cells generated in vitro and ex vivo osteoclasts on bone slices were washed in PBS. The bone slices were then transferred to wells of a 96-well plate containing 100 l of HMEM/FCS with or without M-CSF (0.5 ng/ml) and cells incubated for 1 h at 37 C. One hundred microliters of medium, with or without cytokines, were added and incubation continued for 2 h. After incubation, bone slices were washed in PBS, fixed for 5 min in 10% formalin, and cells permeabilized with 0.1% Triton X-100 for 5 min. Bone slices were then incubated in 1 g/ml FITC-conjugated phalloidin (Sigma) for 45 min at 37 C, washed three times in PBS, once in sterile water, and mounted onto glass slides in fade-resistant mounting medium (DAKO Corp., Ely, Cambridgeshire, UK). Actin rings were visualized using a Carl Zeiss (Jena, Germany) fluorescent microscope fitted with narrow band FITC filters and a video camera (Panasonic WV CL-700) linked to a monitor. The number of actin rings and the total area of bone surface contained within actin rings was quantified using a grid superimposed over the monitor screen by an individual blinded to the nature of the samples measured. Only those structures that consisted of complete and broad actin bands were counted.
Measurement of osteoclast spread area
Osteoclasts, isolated from neonatal rat long bones and sedimented onto Thermanox coverslips as above, were incubated for 30 min in 100 l EMEM containing 1 mg/ml BSA (Sigma). One hundred microliters of medium with or without TNF␣ was then added and incubation continued for a further 1 h. Coverslips were fixed and stained for TRAP activity. The total area contained within TRAP-positive multinuclear osteoclasts was quantified using a grid superimposed over a monitor linked to a Carl Zeiss light microscope.
Colony formation in semisolid medium
Murine bone marrow cells were incubated (2 ϫ 10 4 /ml) in 1 ml EMEM with 1.2% methyl cellulose (Sigma) and 20% FCS in the presence or absence of M-CSF (50 ng/ml), RANKL (100 ng/ml), and TNF␣ (100 ng/ml) in 35-mm Petri dishes (Helena Bioscience) for 8 d. Discrete colonies were picked using a 3-l pipette then smeared onto glass slides, fixed in formalin, and stained for TRAP to allow assessment of cellular constitution.
Statistical analysis
Differences between groups were analyzed using unpaired t test.
Results
To resorb bone, osteoclasts must become polarized and form a circumferential seal with the substrate. Proteases and protons are released into the specialized extracellular re-FIG. 1. TNF␣ induces actin ring formation in osteoclasts. Osteoclast-like cells (A, C, D, E) were formed by incubation of M-CSF-dependent bone marrow cells on bone slices in RANKL (30 ng/ml) and M-CSF (50 ng/ml) for 5 d. Bone slices were washed extensively and transferred to new wells containing HMEM/FCS containing 0.5 ng/ml M-CSF, which is sufficient for survival (30) . Cells were incubated for 1 h. RANKL or TNF␣ was then added and incubation was continued for a further 2 h. Cells were fixed and stained with FITC-phalloidin and evaluated for actin ring formation. Actin ring formation in osteoclasts isolated from neonatal rat long bones (ex vivo osteoclasts) was also evaluated (B). For this, cells curetted from long bones were allowed to adhere to bone slices for 10 min, washed, and treated as above. The area of actin rings (m 2 ϫ 10 Ϫ3 Ϯ SEM) per cm 2 in control cultures was: A: TNF␣ control 131.2 Ϯ 12.3; RANKL control 213.2 Ϯ 36.9; B: TNF␣ 3.0 Ϯ 0.7; RANKL 2.2 Ϯ 0.8. A, n ϭ 8 (RANKL) or 16 (TNF␣) bone slices per variable; B, n ϭ 22 bone slices per variable. *, P Ͻ 0.05; **, P Ͻ 0.01 vs. controls. C-E, Photomicrographs of osteoclasts formed in vitro and incubated without TNF␣ (C), with 1 ng/ml TNF␣ (D), or with 100 ng/ml TNF␣ (E). Arrows denote osteoclasts without actin rings; arrowheads denote some of the actin rings. Magnification, ϫ90.
sorptive compartment circumscribed within this sealing ring. Numerous laboratories have described the specialized actin ring structure that overlies this zone of tight sealing (e.g. 22, 23, 25, 26) . It corresponds to the clear zone identified by microscopy because the actin network excludes organelles from this region. There is an excellent correlation between actin ring formation and bone resorption (24) , and it appears that the actin ring is required for bone resorption (27) .
We found that TNF␣ strongly stimulated actin ring formation in both osteoclast-like cells formed in vitro and in osteoclasts formed in vivo (Fig. 1) . TNF␣ was equipotent with RANKL for this action and induced significant increases in the area of actin rings at concentrations as low as 0.1 ng/ml. Experiments performed in the absence of M-CSF (an osteoclast survival factor) produced the same results; and osteoclast numbers on bone slices incubated in parallel to those assessed for actin ring formation did not differ significantly between treatments (data not shown). The increase in total area of actin rings induced by TNF␣ and RANKL was achieved by an approximately equal contribution from an increase in the number of actin rings, and in the average area of individual rings (data not shown).
Previously, we have shown that activation of osteoclasts by osteoblastic cells is associated with the induction of increased cell spreading in osteoclasts (31, 32) . This effect is mimicked by RANKL (33). We found (Fig. 2) that TNF␣ has the ability to similarly increase osteoclast cell spreading. The short incubation time used for this assay adds further support to the notion that osteoclastic cells can respond directly to TNF␣.
The possibility that TNF␣ activates osteoclasts directly, independent of RANKL-RANK interactions, was further investigated by assessing TNF␣-mediated stimulation of actin ring formation in the presence of OPG, the soluble decoy receptor for RANKL. We found no inhibition of TNF␣-induced actin ring formation by OPG (Fig. 3) . Furthermore, we also found no inhibition of TNF␣-induced actin ring formation by IL-1RA (data not shown).
It has been reported that TNF␣ synergizes with RANKL in the induction of osteoclastic differentiation (14, 34) . To explore whether TNF␣ also has the capacity to synergize with RANKL in osteoclastic activation, we incubated osteoclastlike cells in TNF␣ and/or RANKL at concentrations that alone would be expected to induce a minimal activation response. As seen in Fig. 4 , simultaneous culture in even minimal concentrations of both ligands elicited a dramatic activation response, equivalent to the response achieved by incubation in RANKL alone at a concentration an order of magnitude greater. The potency of this synergy prompted us to test the ability of PTH, another osteolytic agent believed to act primarily through induction of RANKL in osteoblastic cells, to similarly synergize with RANKL for actin ring formation. In contrast, we saw no evidence for synergy between PTH and RANKL (Fig. 4) .
The ability of TNF␣ to act directly on osteoclasts was surprising, in view of previous experiments, in which we found that TNF␣ had no effect on bone resorption by osteoclasts isolated from rodent bone (21) . We therefore further tested the ability of TNF␣ to activate bone resorption by osteoclasts isolated from neonatal rats. We found (Fig. 5 ) that TNF␣ promoted bone resorption over a similar dose range to that noted using actin rings. Also, as found with actin rings, the response appeared to be a direct effect, independent of RANKL, since it was completely unaffected by OPG at a concentration (500 ng/ml) substantially higher than that capable of completely abolishing osteoblast-mediated stimulation of osteoclasts isolated ex vivo (10 ng/ml; Ref. 33) (Fig. 5) .
In those previous experiments (21), we used human TNF␣. It has since been found that human TNF␣ is much less potent on rodent cells than is murine TNF␣. The lack of detectable FIG. 2. TNF␣ directly stimulates osteoclast spread area. Osteoclasts were isolated from neonatal rat long bones and sedimented on to plastic coverslips. Coverslips were washed after 10 min and the cells were preincubated in EMEM containing BSA (1 mg/ml) for 30 min before addition of TNF␣ or vehicle. Incubation was continued for 1 h before cells were fixed for evaluation of spread area. *, P Ͻ 0.01 vs. control. Sixty osteoclasts were measured for each variable.
FIG. 3. OPG does not inhibit the induction of actin rings by TNF␣.
Osteoclasts were disaggregated from neonatal rat long bones and sedimented on to bone slices. After a 1-h preincubation in MEM/FCS, RANKL (30 ng/ml), TNF␣ (100 ng/ml), and OPG (500 ng/ml) were added and incubation was continued for a further 2 h before assessment of actin rings. *, P Ͻ 0.01 vs. controls; a, P Ͻ 0.01 vs. RANKL. n ϭ 30 bone slices per variable. stimulation of osteoclasts isolated from rat long bones by hTNF␣ at the concentration originally used (ϳ16 ng/ml) was confirmed (area m 2 ) resorbed per bone slice, Ϯ sem, in hTNF␣ (ng/ml): 0: 9230 Ϯ 2420; 0.1: 8730 Ϯ 1270; 1: 8940 Ϯ 1910; 10: 9080 Ϯ 2810; 100: 13890 Ϯ 3180; none of these values differed significantly from controls).
In the present experiments, osteoclast-like cells were generated in RANKL for assessment of TNF␣ responsiveness. This allows us to conclude that TNF␣ is capable of activating osteoclastic cells generated by RANKL. To determine whether osteoclastic cells induced in TNF␣ are similarly capable of activation by TNF␣, we assessed the ability of osteoclast-like cells generated in TNF␣ to resorb bone. We found that TNF␣ showed a potency very similar to that of RANKL, the primary resorptive cytokine, for the induction of actively resorptive osteoclasts from M-CSF-dependent bone marrow cells (Fig. 6) . We also noted in these experiments that the concentration of either cytokine required to induce osteoclast formation was approximately an order of magnitude greater than that we previously observed to be capable of promoting activation of osteoclasts. Therefore, osteoclasts appear to be activated by lower concentrations of TNF␣ than are needed for the induction of differentiation.
We detected no stromal cell growth in control cultures that were incubated for 5 or 12 d without M-CSF (to facilitate their detection). Thus, like activation, the action of TNF␣ on osteoclast differentiation seemed likely to be independent of the known ability of TNF␣ to augment RANKL expression in stromal or osteoblastic cells. However, it has been suggested that osteoclastogenesis by TNF␣ is dependent upon exposure of precursors to RANKL (14) . To further clarify whether the response of bone marrow cells was independent of RANKL, we compared the ability of TNF␣ to generate osteoclastic cells in our cultures in the presence vs. the absence of OPG. We found no difference (Fig. 7) . Moreover, OPG did not influence osteoclast-like cell formation even when it was added to the bone marrow cells immediately after extraction, before removal of stromal cells, and at very high concentrations (10 ng/ml of OPG is sufficient to abolish stromal-cell-mediated osteoclast-induction; Ref. 35 ). In fact, we found that addition of RANKL during preparation of the M-CSF-dependent precursors did not did not noticeably enhance their potential for subsequent osteoclastogenesis (Fig.  7) . Furthermore, we noted robust generation of TRAPpositive multinucleate cells in semisolid cultures, in which hemopoietic cells are very widely dispersed and free from detectable influence by stromal cells (Fig. 8) . Lastly, we noted induction of TRAP-positive multinucleate cells, and bone resorption, by TNF␣ in hemopoietic spleen cell cultures (Fig. 8) .
We then tested whether we could detect synergy in our cultures, between TNF␣ and RANKL, for osteoclast formation. We found (Fig. 9 ) that, as has been previously reported (14, 34) , the cytokines were strongly synergistic for osteoclastogenesis, as they were for activation. These results suggest that TNF␣ is not dependent upon past or present exposure to RANKL for its ability to induce osteoclastogenesis, but rather is strongly synergistic with the cytokine.
Discussion
TNF␣ stimulates bone resorption in vivo and in vitro (21, 36 -38) and has been implicated in the bone loss that accompanies many inflammatory diseases such as rheumatoid arthritis, and even estrogen deficiency (8, 9) . The mechanisms by which it causes bone loss are unclear. It has been shown that, in addition to its ability to induce expression of RANKL in osteoblastic/stromal cells, it stimulates precursors to differentiate in vitro into osteoclasts (12-14, 34, 39 ). Yet TNF␣ fails to induce a significant osteoclastogenic response in RANK-deficient mice (40); and OPG, the soluble decoy receptor for RANK, abrogates bone erosion in experimental arthritis (41) . One suggested explanation is that TNF␣-induced osteoclastogenesis requires that the precursors be primed by RANKL (14) .
Information concerning the effect of TNF␣ on the function of mature osteoclasts is more sparse. Because TNF␣ is an important mediator of bone loss, we elected to test the ability of TNF␣ to activate osteoclasts. We used actin ring formation as an indicator of the activation status of osteoclasts for most of the work because actin rings correlate strongly with resorptive activity (24) . Also, because actin rings are formed rapidly upon stimulation, this measure of activation is less distorted by changes in differentiation and apoptosis than assessments that quantify bone resorption. We found that TNF␣ directly activates actin ring formation in osteoclasts formed in vivo or in vitro. Moreover, osteoclasts are as sensitive to activation by TNF␣ as by RANKL. Activation was independent of the presence of RANKL, and occurred at concentrations of TNF␣ substantially below those that induce osteoclast differentiation. There was, moreover, very strong synergy between TNF␣ and RANKL for osteoclast activation, such that activation occurred at extremely low concentrations of either ligand. We found that, similar to activation, osteoclast formation by TNF␣ was independent of but strongly synergistic with RANKL.
The potency of TNF␣ for activation and differentiation in vitro was very similar to that of RANKL. This makes it even more surprising that while soluble RANKL can induce osteoclast formation and hypercalcemia in mice deleted for RANKL (Dr. C. R Dunstan, Amgen, October 2, 2001, personal communication), TNF␣ fails to induce significant osteoclastogenesis in mice deleted for the gene for RANK (40) . Moreover, OPG abolishes bone erosion with- out affecting inflammation in experimental arthritis (41) , implying that even abundant local TNF␣ does not contribute to the destruction of bone that occurs in this model. One explanation for the discrepant effects of TNF␣ and RANKL in vivo would be that TNF␣ induces osteoclastic differentiation only in precursors primed by RANKL (14) . We, however, could find no evidence that osteoclastogenesis by TNF␣ in our experimental systems was dependent upon prior exposure to RANKL in vitro. In particular, stromal cells were morphologically undetectable in our cultures even after 12 d of incubation, and we could not detect any effect of even a very high concentration (500 ng/ml) of OPG on TNF␣-induced osteoclastogenesis in vitro (Fig. 7) , despite the ability of OPG (10 ng/ml) to completely abolish stromal cell-induced osteoclast formation in vitro (Ref. 35 , and Fuller. K., unpublished observations), and to suppress experimental arthritis in vivo; and TNF␣ was the equal of RANKL in the induction of abundant osteoclast-like cells in semisolid medium, in which stromal cells are at very low density, and dispersed from contact with osteoclastic precursors. Moreover, osteoclastic cells were generated from nonosseous sources [spleen cells; and peritoneal macrophages (18) ]. However, while our results suggest that TNF␣ can induce osteoclastic differentiation, at least in vitro, in the absence of RANKL, definitive resolution of this question awaits experiments using hemopoietic cells from animals deleted for the gene for RANKL or RANK.
These considerations suggest that the response of the mononuclear phagocyte precursors of osteoclasts and macrophages to TNF␣ is modified in vivo by other factors. Indeed, it would be surprising if this were not so because TNF␣ is ubiquitous in inflammatory sites, yet osteoclasts are essentially seen only in bone. Presumably, TNF␣ coexists in inflammatory exudates with other inflammatory cytokines such as GM-CSF, IL4, and IFN-␥, which inhibit osteoclast formation (33, 39, (42) (43) (44) (45) . Because TNF␣ is proinflammatory, wherever TNF␣ is present, so will be such inflammatory cytokines. The factors that enable osteoclasts to form in inflammation in bone but not elsewhere remain uncertain.
There is nevertheless clear evidence that injection of TNF␣ into wild-type animals induces a brisk osteoclastogenesis (14) . It therefore seems likely that the main mechanism by which TNF␣ promotes osteoclastogenesis in vivo is through synergy with RANKL because this might occur at concentrations below those that induce proinflammatory changes in tissues. This might be further assisted by the presence in bone of TGF-␤, which suppresses the proinflammatory actions of TNF␣, and synergizes with RANKL and TNF␣ in osteoclastogenesis (13, 20, 39, 46, 47) . Thus, while TNF␣ in inflammatory sites might not be osteoclast-inductive (see above), this synergistic mode of action would provide a mechanism whereby the much lower levels of systemic TNF␣ are insufficient to provide an inflammatory, antiosteoclastic environment, but sufficient, due to synergy with RANKL, to promote skeletal catabolism. Because of the need for synergy with RANKL in this model, low levels of systemic TNF␣ could promote bone loss without disturbing the underlying patterns of osteoclastic localization. Thus, osteoclastic localization remains as directed by osteoblastic cells, in patterns appropriate for the needs of bone morphogenesis and restructuring.
This is the first report that TNF␣ itself can stimulate re- sorptive activity in osteoclasts independent of RANKL. Our results suggest that TNF␣ promotes bone resorption not only by augmenting osteoclast formation but also by direct activation of existing osteoclasts. Indeed, the sensitivity of osteoclasts to activation by TNF␣ suggests that increased resorption need not always be associated with increased osteoclast numbers.
Previous reports (12, 13, 21, 34) have not demonstrated direct activation of osteoclastic function by TNF␣ independent of RANKL. Previously, we found (21) that TNF␣ stimulates bone resorption by osteoclasts disaggregated from rat long bones only when osteoblastic cells were also present. However, in those early experiments human TNF␣ was used, which in repeat experiments was also unable to directly activate osteoclasts ex vivo even at 100 ng/ml. It has previously been shown that human TNF␣ is less active than murine TNF␣ as a direct stimulus of osteoclast formation in a related model system (12) . This may occur because human TNF activates murine TNF receptor 1 but not murine TNF receptor 2, whereas murine TNF activates both murine TNF receptors (12, 48) . Therefore, it seems likely that in the previous experiments (21) the activity of the cytokine was sufficient to activate osteoclasts only in synergy with RANKL, provided by coculture with RANKL-expressing osteoblastic cells. It may be that other agents that appear not to act directly on osteoclasts, might do so in synergy with RANKL. However, we found that for one such agent at least (PTH) this appears not to be so.
We have identified for the first time a direct effect of TNF␣ on osteoclastic activation. Clearly, the osteoclastogenic actions and interactions of TNF␣ are complex: in addition to the induction of RANKL in osteoblastic cells, TNF␣ directly promotes osteoclastic differentiation and activation, and synergizes with RANKL for both. This emphasizes the potency of the cytokine as an osteolytic agent. Nevertheless, the strength of its synergistic action for osteoclast activation provides the opportunity for systemic TNF␣ to promote bone resorption with minimal disturbance to the underlying, physiologic patterns of os- teoclastic localization. Perhaps the most compelling message of this study is the fact that this synergy is so potent for osteoclast activation, that miniscule circulating levels of TNF␣, below even those needed for osteoclastogenesis, are likely to promote osteolysis, through a direct action on existing osteoclasts. Thus, for the systemic osteolysis that accompanies chronic inflammatory conditions, cachexia and perhaps postmenopausal osteoporosis, osteoclast activation is likely to be the major target mechanism for bone loss.
